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E-mail address: albert.jeltsch@ibc.uni-stuttgart.deA recently solved Dnmt1-DNA crystal structure revealed several enzyme–DNA contacts and large
structural rearrangements of the DNA at the target site, including the ﬂipping of the non-target
strand base of the base pair ﬂanking the CpG site and formation of a non-canonical base pair
between the non-target strand Gua and the ﬂanking base pair. Here, we show that the contacts of
the enzyme to the target base and the Gua:5mC base pair that are observed in the structure are very
important for catalytic activity. The contacts to the non-target strand Gua are not important since its
exchange by Ade stimulated activity. Except target base ﬂipping, we could not ﬁnd evidence that the
DNA rearrangements have a functional role.
 2012 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
The speciﬁc methylation of hemimethylated CpG sites by
Dnmt1 is fundamental for the inheritance of DNA methylation pat-
terns [1,2]. Recently, the ﬁrst structure of a Dnmt1 C-terminal frag-
ment bound to hemimethylated DNA was published [3]. The
structure was obtained after covalent crosslinking of the DNA
(via a modiﬁed target base) to the active site cysteine residue
C1229 in Dnmt1. It shows the DNA bound to the catalytic domain
of the enzyme in a distorted conformation (Fig. 1). Like in all other
structures of DNA MTases with substrate DNA [4–7] and initially
discovered with M.HhaI [8], the target Cyt is rotated out of the
DNA helix and bound to a pocket in the protein, which presents
the active site residues conserved among DNA-(cytosine C5)-meth-
yltransferases [4,7]. Unexpectedly, in the Dnmt1-DNA structure
the orphan Gua residue from the non-target strand forms a base
pair with a Gua from a Gua:Cyt base pair 50 of the CpG site. The
Cyt of the ﬂanking Gua:Cyt base pair is rotated out of the DNA helix
as well in roughly opposite direction as the target Cyt. This rear-
rangement is somehow reminiscent of structural changes observed
in the M.HaeIII–DNA complex [9], but in that case the orphan Gua
forms a base pair to the cytosine on the 30 side of the target base
and its partner remained inside the DNA helix. Double ﬂipping
has been observed as well in the structure of the EcoDam DNA
methyltransferase [10].chemical Societies. Published by E
mistry, Faculty of Chemistry,
tgart, Germany. Fax: +49 711
(A. Jeltsch).In addition to these rearrangements of the DNA at the target
site, the Dnmt1 structure with DNA reveals several base speciﬁc
contacts with its target sequence [3] (Fig. 1). The O6 of the target
strand Gua is hydrogen bonded to the main chain of K1537 and
its N9 is engaged in a water mediated contact to the main chain
of Q1537. The N4 and O2 atoms of the 5mC are engaged in H-bonds
with the main chain of M1535 and the side chain of R1237, respec-
tively. The non-target strand Gua which forms the base pair to the
50 ﬂanking Gua is contacted by the side chain of K1537 and the
main chains of G1234 and N1236 at O6, N1 and N2, respectively.
2. Materials and methods
2.1. Dnmt1 expression and puriﬁcation
Murine full length Dnmt1 was expressed using Bac-to-Bac
Bacovirus expression system (Invitrogen) and puriﬁed as described
[11–13]. Brieﬂy, Dnmt1 wild-type as N-terminal His6 and YFP fu-
sion was cloned into pFastBacHT vector and expressed in Sf21 cells.
After harvesting cells were lysed on ice, sonicated and centrifuged
at 20,000 rpm for 30 min at 4 C. The supernatant was loaded on
column containing Ni–NTA beads for protein puriﬁcation. Follow-
ing two washing steps protein was eluted, dialyzed overnight
and kept at 20 C. Dnmt1 concentration was measured by Nano-
Drop (Thermo Scientiﬁc), the quality of preparation was conﬁrmed
by SDS–PAGE (purity >95%).
2.2. DNA methylation assay
Methylation of DNA substrates by Dnmt1 conducted at 37 C in
presence of 2 lM DNA, 0.4 lM Dnmt1, 1 lM S-[Methyl-3H]-lsevier B.V. All rights reserved.
Fig. 1. Schematic view of the DNA structural rearrangements and protein DNA
contacts in the Dnmt1-DNA co-crystal structure [3].
Table 1
Summary of the methylation activities of Dnmt1 with different modiﬁed substrates.
Values given as averages ± standard error of the mean. M = 5-methylcytosine,
I = Inosine.
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(20 mM HEPES pH 7.5, 1 mM EDTA, 100 mM KCl) using the avidin
plate assay as described [13,14]. Substrates for the methylation as-
say were prepared by annealing of complementary 20mer DNA oli-
gonucleotides one of which contained biotin at its 50 end. All
substrates were designed based on one original substrate which
contains one hemimethylated CpG site in the center by variation
of either the CpG ﬂanking nucleotides or CpG site itself. The ﬂank-
ing sequences were identical to those used by Song et al. for crys-
tallization [3].
3. Results and discussion
Wewere interested to determine the functional role of the struc-
tural rearrangements of the DNA observed in the Dnmt1-DNA com-
plex and the contribution of the individual protein-DNA contacts toFig. 2. Detail of the structure of Dnmt1–DNA complex. There are two complexes
molecules in the crystal cell. One complex is shown in blue ribbon (for the protein)
and ball and stick (for the DNA), the second in colored brown. In the blue DNA
molecule, the ﬂipped Cyt of the base pair ﬂanking the CpG site is shown in red. It
stacks on the end of the DNA bound in the brown molecule and the Cyt O2 is in
close distance to the N2 of the ﬁrst Gua in the brown DNA molecule.the DNA recognition by Dnmt1 and the DNA methylation reaction.
To this end, we designed 13 modiﬁed 20mer oligonucleotide sub-
strates which were derived from an original substrate with one
CpG site located in the middle, which was either hemimethylated
(substrate 1) or unmethylated (substrate 5). To probe the role of
the structural rearrangements of the DNA, was used substrateswith
a different 50 ﬂanking base pair in hemimethylated (substrates 2–4)
and unmethylated context (6–8). Substrate 9 contained an ex-
change of the non-target strand Gua against Ade. Substrates 10–
13 contained exchanges in the target strand Gua and the Gua:5mC
base pair; substrates 10 and 11 contained Ade or Ino instead of the
target strand Gua, substrate 12 had a Thy instead of the 5mC and in
substrate 13 the Gua:5mC base pair was exchanged against
Ade:Thy.
Our results are nicely complementary to the crystal structure
and they reveal several important mechanistic details (Table 1).
We show that the exchange of the target strand Gua by Ino led only
to a small reduction of activity (about 2.5-fold). In contrast ex-
change by Ade resulted in a >70-fold loss of activity. This can be ex-
plained by the contact of Dnmt1 to the O6 atom of Gua which is
preserved in Ino but not in Ade. We observed an about 10-fold
preference for methylation of hemimethylated substrates over
unmethylated, which is similar to what has been observed by Song
et al. [3]. The methyl group of the 5mC approaches a hydrophobic
pocket formed by C1501, L1502, W1512, L1515 and M1535, which
can explain this speciﬁcity. The exchange of the non-target strand
5mC by Thy led to a >60-fold loss of activity. This observation can
be explained by the contact of the main-chain carbonyl oxygen
atom of M1535 to the N4 of the 5mC which discriminates 5mC
from Thy. The disruption of the contact to M1535 may disturb
the hydrophobic patch which contacts the 5mCmethyl group, such
that the methyl group of Thy cannot rescue the activity.
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target strand Gua by Ade led to a signiﬁcant increase in activity.
This can be explained by the fact that it is engaged in a base pair
with the target cytosine, which has to be broken during base ﬂip-
ping. Exchange of the Gua to Ade weakens this base pair, and by
this it can increase activity. This result indicates that contacts to
the non-target strand Gua seen in the crystal structure are not
important for catalysis, which may also explain why it is free to
rearrange in the crystal and form the non-Watson–Crick base pair
to the ﬂanking Gua described above. Unexpectedly, the nature of
the 50 ﬂanking base pair had almost no inﬂuence on the methyla-
tion efﬁciency of Dnmt1 with hemimethylated and unmethylated
substrates. Since the efﬁciency of forming this non-canonical base
pair and its geometry should be highly dependent on the contacted
base, our results suggest that such rearrangement does not occur in
solution. This conclusion is supported by the fact that the Cyt
ﬂipped out from the ﬂanking base pair does not form clear contacts
to the Dnmt1 in the crystal structure and it is in stacking and
H-bonding contact to the end of the DNA substrate of a second
complex present in the crystal cell (Fig. 2). Such contacts are not
possible if Dnmt1 acts on natural polymeric DNA. One reason
leading to these structural rearrangements that are not on the
pathway to the transition state may be that the crystal structure
was obtained after covalent linkage of the enzyme and the
substrate DNA.
In summary, the contacts of Dnmt1 to the target base and the
Gua:5mC base pair seen in the structure all are very important
for catalytic activity. Contacts to the non-target strand Gua are
not important and we could not ﬁnd evidence that the DNA rear-
rangement has a functional role. Based on our biochemical results
and the previous structural data, we begin to understand the pro-
cess of inheritance of DNA methylation patterns at molecular and
atomic resolution.References
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